Abstract: Tactile sensitivity of the foot was investigated using the Semmes-Weinstein monofilament method to quantify the pressure sensory threshold. Gender differences and variations in sensitivity at various sites on the foot (inter-locational sensitivity differences) were analyzed using a nonparametric test. Skin elasticity at 3 points on the sole was measured using a Venustron device (AXIOM Co.), and the relation to sensitivity was examined. Gender differences and inter-locational differences in plantar elasticity were also analyzed. Subjects were 53 male and 31 female volunteers aged between 18 and 39 years who had no known neurological dysfunction or disease. Results showed no significant gender differences in foot sensitivity but indicated significant inter-locational sensitivity differences (p<0.01). A typical pattern was observed in the distribution of sensitivity, with the dorsal region being the most sensitive, followed by the plantar arch and the side region (lateral, medial and back regions), whereas the plantar region other than the plantar arch was the least sensitive. Weight bearing locations appeared less sensitive than sites that do not bear appreciable weight . Inter-locational differences with respect to skin elasticity was significant (p<0.01), with the center of heel point being hardest , f ollowed by the plantar arch point, while the 1st metatarsal head point was softest. Although we anticipated that pressure sensory thresholds might be estimated from elasticity, the correlation between these two factors was too low to enable this. The plantar region has different sensitivity and elasticity characteristics depending on the sites of the sole and on the individual . Shoe comfort may be improved by adjusting the properties of materials forming the insole to the sensitivity and elasticity characteristics of the individual foot.
1.INTRODUCTION
This study investigated tactile sensitivity of the foot with the final goal of developing a system to assess shoe comfort at the time of design. Tactile sensitivity may be an important factor influencing shoe comfort. The foot is reported to be less sensitive than the other parts of the body such as the face or the hand [1] ; however, few reports exist of foot tactile sensitivity in the general population [2] , and none have studied healthy Japanese subjects.
In this study, foot tactile sensitivity was measured in healthy Japanese subjects, with gender differences and variations in sensitivity between various sites on the foot (inter-locational sensitivity differences) being investigated.
The sensitivity of the plantar region may be related to its elasticity, and a high correlation between these factors would allow sensitivity to be estimated from elasticity, which is easier to measure. Plantar elasticity was therefore measured at 3 points and gender differences, inter-locational elasticity differences and the relation between elasticity and sensitivity at sites including these points were investigated. To clarify if several typical patterns exist in the sensitivity and elasticity of the plantar region, the correlations between different sites on the same foot were evaluated with respect to sensitivity and to elasticity. Shoe comfort might be improved by adjusting the characteristics of the insole material to the individual foot.
METHOD

Subjects
Subjects were 53 male and 31 female volunteers aged between 18 and 39 years who had no known neurological dysfunction or disease. Age distribution of subjects is shown in Table 1 Tactile sensitivity was quantified by determining a pressure sensory threshold, which was measured by the Semmes-Weinstein monofilament method [1] .
In this method, pressure sensory thresholds are measured using testers to which nylon monofilament of a fixed length (38mm) is attached ( Figure 1 ). Each monofilament has Figure 2 shows the 17 sites selected for the sensitivity test (dorsal region: d-1 to -4, plantar region: p-5 to -12, lateral, medial and back region (side region: s-13 to -17), which were determined by considering the shoe to foot contact patterns. Pressure sensory thresholds at these sites were tested in random order. The subject was seated on a chair in a comfortable posture with the lower legs hanging freely and the feet were not in contact with any surface. A curtain was placed in front of the face, so that subjects could not see their feet.
The examiner tested the subject's skin with the monofilament at a speed of about once per second, a maximum number of 20 times. Testing started with the thinnest filament A, and if the subject did not detect this pressure, the next thinnest filament B was used, and so on. When subjects sensed the pressure, they indicated the site at which they had been touched by reference to Figure 1 . When this answer agreed with the site tested, the log transformed buckling force of the filament used was taken as the sensory threshold at this site.
It has been noted that the order of filaments used in testing influences the pressure sensory thresholds, and an algorithm is therefore suggested to obtain an accurate evaluation [3] . In the present study, however, pressure sensory thresholds were measured by the procedure described above, because using the suggested algorithm to test 17 sites would have been very time consuming and would have resulted in unreliable answers due to fatigue. Force was thus applied to the plantar surface of the foot in a perpendicular direction.
Analysis method
Gender differences and variations in pressure sensory thresholds over the sites (inter-locational sensitivity differences) of the foot were evaluated using nonparametric tests (Statview for Mac) as pressure sensory thresholds did not always follow a normal distribution and the filament buckling force did not increase linearly. Gender differences in sensitivity according to site were evaluated using Mann-Whitney's U test, whereas inter-locational sensitivity differences were evaluated using a Friedman test.
Nonparametric testing was also used to evaluate elasticity of the sole, as these measurements were not normally distributed.
The relationship between elasticity of the 3 plantar points and the pressure sensory threshold at sites including these points was examined using the Spearman's rank correlation coefficient. The Spearman's rank con-elation coefficient was also used to examine correlations between different sites on the same foot with respect to sensitivity and to elasticity.
REPRODUCIBILITY OF MEASUREMENTS
3.1. Reproducibility of pressure sensory threshold measurements In this study, filaments A to L were used. Log transformed buckling forces and force of filaments A-L are shown in Table 2 .
When 11 subjects underwent two sets of pressure sensory threshold measurements at each site, the difference between individuals (inter-individual differences) was in the 5 to 8 range filaments. The difference between repeated Reproducibility was good at sites in the plantar region. In other sites, despite low correlation coefficients, reproducibility was fairly good in more than 80% of subjects. From the above results, we determined that sensory pressure thresholds obtained by the present method is useful for evaluating the sensitivity of many sites in a short period. 
RESULTS
Pressure sensory threshold
Results of Mann-Whitney's U test showed that gender differences in pressure sensory thresholds were not significant at any site. Male and female subjects were therefore combined for further analyses.
Significant inter-locational sensitivity differences (p<0.01) were indicated by a Friedman test. The rank of sensitivity in the 17 sites determined by Friedman test is shown in Table 4 . The dorsal surface of the third toe (d-2) was the most sensitive site, followed by the instep (d-4) and the dorsal surface of the hallux (d-1) in this rank. The plantar aspect of The median pressure sensory threshold of the plantar arch (p-9) was 3.22 [log0.1 mgf]. However, the rank sensitivity results (Table 4) 
4.2.Elasticity of the sole
Mann-Whitney's U test showed gender differences in elasticity to be significant for the plantar arch point and the 1st metatarsal head point (p<0.01), with these sites being more elastic (softer) in females than in males. The gender difference was not significant for the center of heel point. Results of a Friedman test showed that inter-locational elasticity differences were significant (p<0.01) in either gender. The rank of elasticity was as follows; the center of heel point was the least elastic (hardest), followed by the plantar arch point, while the 1st metatarsal head point was the most elastic (softest). The median elasticity for the center of heel point, the plantar arch point and the 1st metatarsal head point were 0.66, 0.50, 0.35 [N] for males and 0.67, 0.42, 0.27 [N] for females, respectively. 4.3. Relation between elasticity and pressure sensory threshold The distribution of pressure sensory thresholds at 3 plantar sites using combined data from males and females is shown in Figure 6 . Distribution of elasticity at these 3 points is shown in Figure 7 .
The inter-individual difference in pressure sensory threshold at each site was 5 filaments at the 1st metatarsal head and plantar arch point and 8 filaments at the center of heel point. The difference between maximum and minimum values for elasticity was 1.35 [N] at the 1st metatarsal head point, 0.70 [N] at plantar arch point and 1.76 [N] at the center of heel point. The Spearman's rank correlation coefficient between elasticity and the pressure sensory threshold at the center of heel point (Fig.3, C and p-12 ) calculated using combined data was significant (0.54, p<0.01).
Since a significant gender difference in elasticity was observed at the plantar arch point and the 1st metatarsal head point, the Spearman's rank correlation coefficients were calculated separately for male and females at these points.
The rank correlation coefficient between elasticity and the pressure sensory threshold was significant for the plantar arch point (Fig.3 , B and p-9) in either gender (0.30 in males and 0.39 in females, p<0.05). But it was not significant for the 1st metatarsal head point (Fig.3 , A and p-8) in either gender (0.19 in males and 0.08 in females). 4.4. Correlation between different sites in the same foot for sensitivity and for elasticity The relationship for elasticity between the 3 points and that for pressure sensory thresholds between sites including the 3 selected points were examined using the Spearman's rank correlation coefficients. Table 5 : Spearman's rank correlation for pressure sensory threshold between the inferior aspect of the 1st metatarsal head (p8), the plantar arch (p9) and the center of heel (p12) . **: p<0 .01 Table 6 : Spearman's rank correlation for elasticity of males between the 1st metatarsal head point(A), the plantar arch point(B) and the center of heel point(C). **: p<0 .01 Table 7 : Spearman's rank correlation for elasticity of females between the 1st metatarsal head point(A), the plantar arch point(B) and the center of heel point(C). Subjects were divided into 3 groups based on the sensitivity level of "sensitive", "ordinary" and "insensitive" for each site. In the "sensitive" group, the pressure sensory threshold was below the median of each site. In the "ordinary" group , it was identical to the median, and in the "insensitive" group , it was above the median. The sensitivity levels of the 3 sites were the same only in 22 subjects (26.2%) among 84 subjects. In 10 subjects (11.9%), the sensitivity levels of the 3 sites were different from each other.
Based on sensitivity and elasticity, the plantar region could be further characterized. For example, among 24 subjects whose heels were more insensitive and harder than the median, there are only 4 subjects (16.7%) whose other two sites were insensitive and hard. The soles of other subjects show variations of combination in terms of sensitivity and elasticity: hard and sensitive, hard and ordinary sensitivity, soft and sensitive, soft and ordinary sensitivity, soft and insensitive. The plantar region was an insensitive region as a whole, but not uniformly so.
The present results suggest the possibility of improving shoe comfort by harmonizing the inter-locational differences in the material property of the shoe with those in the observed foot. For example, an insole combining materials of different properties in the heel, plantar arch and anterior parts might be a simple solution for improving shoe comfort.
